pulmonary ventilation, oxygen consumption, blood pressure, heart rate, etc.; the possibility of recording synchronously changes in acidity of the .arterial and venous blood, cerebra-spinal fluid (3), urine (4) , and other body fluids; the large amount of data obtainable as compared with the discontinuous method of sampling-offer invaluable opportunities for advancing the subjects of respiratory control and acid-base equilibrium.
METHODS.
The experiments of Roaf (5) on the time relation of acid production in muscle during muscle contraction suggested the use of the manganese dioxide electrode studied by Tower (6) and Smith (7) . The electrode has two advantages which particularly recommend its use. As it functions independently of the pressures of hydrogen and oxygen it excludes the necessity of saturation of the blood with hydrogen, and permits the recording of changes in blood acidity in the presence of synchronous changes in oxygen pressure of the blood. On the other hand, it is stated that the absolute values obtained with the electrode are unreliable. This may appear to be a serious objection, but we believe that the short observations of the acute experiments showing rapi .d changes in blood acidity and pulmonary ventilation may, for a time at least, lead to more rapid progress in the study of respiratory control than the accurate determination of the hydrogen ion concentration of the blood in long-established conditions of equilibrium.
Provided the electrode gives significant information on the magnitude and direction of changes in acidity it should prove to be a valuable tool.
The development of the use of the manganese dioxide electrode resol ved itself into several distinct problems: the mechanical registration of changes in acidity, the preparation of a suitable electrode, the establishment of the validity of data yielded by the electrode, and the application of the method to the circulating blood and other body fluids of the living animal. The difficulties were varied and numerous, some are still to be overcome. Inasmuch as the behavior of the manganese dioxide electrode, especially in complex fluids, is imperfectly understood many of our difficulties were solved by purely empirical methods of trial and error; but by gradual elimination we have adopted methods which yield significant data.
In vitro experiments. The manganese dioxide electrodes were placed in the stream of fluids studied.
The fluids were kept at a constant rate of flow by means of a mechanically operated syringe of 100 c 'c. capacity and a three-w ray stop cock, which allowed an alternate change of fluids of different pH values. The potentiometer circuit was closed with a saturated potassium chloride calomel electrode, as shown in figures 1 initial position of the drum preceding an observation may be at its (upper limit (lowest E.M.F.) or at its lowest position (highest E.M.F.).
If the change in pH is in the alkaline direction the first position is awkward for registering the change, and if in the acid direction the second position is equally inconvenient.
Either position requires an adjustment of the coarse resistance followed by a complete shift of ten revolutions of the sliding contact. To avoid this inconvenience and loss of continuity of the record a 5 ohm resistance was placed in parallel with one of the 5 ohm resistance coils of the coarse adjustment and the working current readjusted. This 'brings the sliding contact to the mid position which is favorable for registering changes in acidity in either direction. The ideal electrode should possess the properties of sensitivity, rapidity of response, sturdiness and reproducibility.
It soon became apparent that these conditions were hard to meet. The thinly plated electrode though sensitive and rapid in response was quick to dissolve and, therefore, unsatisfactory for prolonged experiments.
The thickly coated electrode was found to possess durability but was sluggish in response and less sensitive to changes in acidity.
A compromise was reached between -durability on the one hand and sensitivity and quickness of response on the other by adjusting the duration of plating.
Reproducibility we accomplished by following a standard routine of preparation. procedure was adopted.
The following A piece of no. 24 platinum wire about 6 to 8 mm. long was sealed into the end of a glass tube 2 mm. inside diameter, 3 mm. outside diameter, and 7 cm. long. The protruding end, about 1 mm. in length, was rounded on a fine stone (to avoid point effects) then heavily plated with platinum black and heated to red heat in the alcohol flame. This electrode connected with the positive pole of a 6 volt battery was plated for one and one-half minutes in acidified (HzSOJ 0.4 N solution of manganese sulphate with 650 ohms resistance in the external circuit. The negative electrode of similar construction was placed 2 cm. from the positive electrode. A 2 N manganese sulphate solution which served as a stock solution was freshly prepared every seven days. To avoid the annoyance of chance poisoning of the platinum, new platmum was used for each electrode.
We are Since the freshly prepared electrodes show an alkaline drift-rapid at first but gradually diminishing in rate-they
were equilibrated in the fluids tested. It appears that complete equilibration was seldom obtained. In phosphate buffer mixtures the drift was rapid and mostly over within fifteen to thirty minutes. In egg albumen, blood pIasma, and whole blood a slow drift persisted for several hours. The electrodes were, therefore, equilibrated for three or four hours before using. It seems probable that the more prolonged drift in protein solution is associated with the formation RT C&, &I* the use of the formula r = no In C----C-he determined the pH values.
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Smith, on the other hand, was unsu?kkssful in obtaining the same reproducibility of results-particularly with a group of acids designated "in-RT constant;" and with the "constant" group of acids he found that r = -nF c& cH'3*56 In c,,, CH3@56 agreed better with his observations. Inasmuch as r is determined not only by the concentration of the H ions but by the Mn ions as well, and as we made no effort to control the concentration of Mn ions, we could hardly expect to reproduce the absolute E.M.F. values of Tower and Smith even though we had confined our experiments to the simple acid solutions which they employed.
Nevertheless some of the results which we have obtained may be of interest in indicating the behavior of the electrode-.particularly in complex organic solutions.
The data in The explanation of this enormous difference is uncertain but it probably is not due to drift.
Inasmuch as the electrodes were uniformly treated (two hours' equilibration in a stationary vessel followed by one and one-half 2 The existence of such a film may be demonstrated by the electrolytic evolution of hydrogen or oxygen on the electrode, when the gas bubbles cause the separation of a gray film from the surface of the electrode. This is further demonstrated in an experiment with two egg albumen solutions of the same pII but different NaCl concentrations.
The direction of E.M.F. change of the MnO2 electrode on changing from one of these solutions to the other, may be predicted frcm the difference in NaC1 concentration.
The effect, however, is not large and is temporary. The MnO2 electrode soon comes back to its original E.M.F.
This effect can be obtained only with fairly large variation in salt concentration and is probably of no importance in the application of the electrode to body fluids. It, however, probably accounts for the irregularities in behavior of the MnO2 electrode associated with chagees in arterial blood pressure-irregularities that were observed when we used the electrode in the blood-stream, employing sodium oxalate an an anticoagulant. hours in a rocking vessel), and inasmuch aa the drift following such equilibration was at most 0.005 volt per hour-the main difference in E.M.F. values must be due to some other factor. This factor may be a specific reducing effect of the flmd though this is a point which we have not studied in detail and, therefore, do not care to press. It is suggested, however, as an explanation of the difference in E.M.F values found in the blood plasmas of different animals.
The maximum difference in blood plasmas in our experiments amounted to 0.0446 volt or approximately 0.45 pH. Such differences in biological ROBERT GESELL AND ALRICK B. HERTZlitAN work constitute a gross error, but as our main interest is to study changes in pH -this variability in absolute values loses significance and especially so if the base line for any particular observation is set by a single determination with methods yielding absolute values. The question of greater concern is the reproducibility of the behavior of electrodes under similar conditions.
This
comparison of synchronous changes in acidity in the arterial and venous blood, the cerebra-spinal and other body fluids.
For reproducibility of behavior to changes in pH in similar and dissimilar fluids, see tables 2 and 3 and figure 3. Figure 3 shows simultaneous records obtained with four electrodes in the stream of plasmas with alternating pH values of 7.605 and 7.782. The curves are mutually superimpossible despite the alkaline drift.
Compared with other methods of determining acidity the records obtained with the manganese dioxide electrode show a degree of uniformity which one could hardly hope to duplicate with any discontinuous method. Figure 4 from an in vivo experiment shows the parallelism in behavior of two electrodes one in each of the carotid blood-streams.
We have observed such reproducibility so often that we feel that our results on the arterial and venous bloods are comparable on a qualitative basis.
Though there is uniformity in behavior of similar electrodes in similar fluids to changes in pH the behavior in dissimilar fluids is variable. This is shown in tables 2 and 3, (using forty-four electrodes) in which the results of sixteen experiments on phosphate mixtures, egg albumen and blood plasmas are given. Column two gives the fluid studied.
Column three gives the pH ranges of the fluids used, as determined with the hydrogen and quinhydrone electrodes.
Column four gives the pH change, and column five the E.M. In vivo experiments. Two distinctly different methods were used in the animal experiments.
The first method, shown in figure 1 , has been abandoned for simpler arrangements, but since it eliminates the employ- ment of expensive anticoagulants, and with certain precautions yields reliable data it is briefly described. A specially constructed electrode vessel with a central tube extended in the form of a cannula surrounded by a water jacket served to bring the blood at body temperature to the electrode. With an electrically driven syringe of 100 cc. capacity the blood was drawn from either artery or vein past the electrode at a constant rate of about 100 cc. in forty minutes. Coagulation of the blood was pre vented by M/6 sodium oxalate solution delivered at body temperature through a fine capillary tube running through the central tube of the electrode vessel to the very tip of the cannula, insuring a mixture of the blood with the oxalate solution immediately upon leaving its natural vessel. The oxalate solution flowed at about one-tenth the rate of the syringe flow. To prevent unevenness of the oxal .ate flow due to the oscillations in blood pressure the reservoir of oxalate solution was raised well above the animal (8 meters). Later a small syringe operat led in unison with the blood syringe served to supply the oxalate. This arrangement gave smooth records with the arterial blood but the venous records were decidedly irregular, The irregularity proved to be due to uneven mixing of the blood and oxalate solution, and was overcome by an electrically operated pulsator. The pulsator tapping the rubber tube leaving the electrode vessel sent a series of waves into the vein which produced a thorough mixing of the oxalate solution and blood before they reached the electrode. The toxicity of the oxalated blood prevented its reinjection.
To delay the harmful effects of loss of blood large dogs were used and the blood replaced with blood substitutes.
It was the inability to obtain hirudin that led to the development of this method, and initial failure with heparin to its continuance.
On the venous side the method apparently yielded reliable data under all conditions but on the arterial side changes in blood pressure were accompanied by changes in E.M.F.
An increase in blood pressure was associated with an apparent increase in acidity and the reverse held for a fall in blood pressure whether the pressure changed on the administration of CO2 or mechanical pressure on the abdomen. These effects of blood pressure proved to be due to changes in the proportion of oxalate solution and blood reaching the electrode. The difEculty of correcting this disturbance, which involves the elimination of stretch of the electrode vessel and its connecting tubes, led to another trial of heparin, which proved successfuL
The electrode was placed in the natural course of the blood of the heparinized dog. A simple combination electrode and blood sampling cannula of the design shown in figure 2 was inserted, like the ordinary T-shaped cannula, into either the carotid artery or external jugular vein. A calomel electrode was connected with the left tube, the manganese dioxide electrode inserted into the central tube, and blood samples drawn from the right tube. The blood sampling tube was of barometer bore, provided with a two-way stop cock and sealed with a heavy rubber membrane.
By piercing the rubber membrane first, then opening the cock and inserting the syringe needle directly into the blood stream, and similarly withdrawing the needle in two stages blood samples were taken without extra loss of blood. Operative preparations were made with a thermo-cautery knife to minimize the oozing of blood following the administration of heparin. The femoral arteries were used to register mean blood pressure and for hemorrhage, the left femoral vein for intravenous injection, and the trachea for recording respiration and for the administration of gases with the rebreathing device. To insure a free flow of blood past the electrode the electrode vessels were carefully aligned and rigidly fixed in the natural position of the vein and artery. This is particularly necessary for the venous electrode and as a further precaution the opposite external jugular vein was tied to shunt its flow of blood through the remaining patent veins. The electrode vessels were inserted last, followed immediately by the intravenous injection of heparin.
The amount injected varied with the strength of the preparation.
A few preparations were exceedingly weak. Injection of a gram or more failed to prevent clotting. Fortunately this valuable preparation appears to be improved with the use of newer methods of manufacture.
At least the last three lots have been entifely satisfactory. The period of breathing is indicated by the heavy bar. The pH change is plotted on the ordinates against time in minutes on the abscissas. Oxalate method used.
Intravenous injection of 25 to 30 mgm. per kilogram of body weight sticed to prevent clotting and the collection of fibrin on the electrode for a period of four or five hours. No harmful effects from the administration of heparin have been observed.
Though the in vitro experiments indicated the reliability of the electrode for our problem, the final test of the use of the electrode in body fluids of the living animal rests on checks with standard methods of hydrogen ion determinations.
These checks have been made both with the hydrogen electrode and with the quinhydrone electrode (9) in a number of procedures employed to study the chemical regulation of respiration.
Early in the animal experiments with the use of the hydrogen electrode we had satisfied ourselves of the value of the manganese dioxide elec- drawn at regular intervals from the femoral artery, with the continuous curve obtained with the manganese dioxide electrode is shown in figure 5 . In transcribing the manganese dioxide acidity curve from the smoked record 10 mv. is taken to represent 0.1 pH. This graph is representative of the agreement in all our experiments in which the hydrogen electrode was used.
More recently, with the application of the quinhydrone electrode to the determination of the hydrogen ion concentration of blood plasma, we have improved the checks on the behavior of the manganese dioxide electrode in the circulating blood, The quinhydrone electrode permits several determinations in a relatively short time on small samples of blood. It was, therefore, possible to establish a sufficient number of points on the quinhydrone acidity curve to permit a close comparison with the manganese dioxide acidity curve. All the data represented in the quinhydrone acidity The behavior of the manganese dioxide electrode, as checked with the quinhydrone electrode, is shown in figures 6 to 15, the effects of injection of lactic acid in figure 6 , ammonium chloride in figure 7 , hemorrhage in figure 8, intravenous injection of sodium carbonate in figures 9 and 10, and the administration of low oxygen in figure 11 , mechanical asphyxia after the administration of room a*ir and after pure oxygen in figure 12 , the intravenous injection of sodium cyanide in figures 13 and 14, and sodium cyanide followed by sodium lactate and carbon dioxide in figure 15. These graphs were obtained from experiments on eight different animals and with eight different electrodes. In transcribing the manganese dioxide electrode curves 10 mv. is taken again to represent 0.1 pH (the reason for taking 10 mv. is explained below). In those experiments in which drift was very small no correction was made. In those in which drift was appreciable correction was made by determining the acid gradient over a relatively long period in which the condition of the animal was presumably constant. Such corrections are seen in figure 8. It should be pointed out that these corrections are subject to error. In the first place we do not know why the drift varies in different experiments and, therefore, have no means of knowing whether the conditions producing the drift are constant throughout an experiment.
On the whole the drift tends to disappear as the experiment proceeds. This is likely to lead to over-correction.
The only safe procedure is to check the drift with other electrodes.
Other than this the graphs require little explanation. pronounced sensitivity of the manganese dioxide electrode in the in vivo experiments was undoubtedly due to the failure of the electrode to come into complete equilibrium with the blood before a reverse change in acidity occurred. We tried to correct for this factor in transcribing the manganese dioxide acidity curve by taking a lower E.M.F. change per 0.1 pH than the average figures given in table 2. In some of the graphs this correction satisfied the curves completely, in others not quite as perfectly, but only in the observation on sodium cyanide is there a very obvious discrepancy in results. It will be noted in figure 13 that despite the general similarity in configuration of the curves the manganese dioxide electrode was considerably slower. This appears again in the first observation in figure 14 . The second observation, on the effects of a considerably larger injection of sodium cyanide, shows a greater discrepancy.
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We cannot connect this discrepancy in results with oxygen pressure. We have shown, in agreement with others, that in the in-vitro experiments oxygen exerted no effects on the behavior of the electrode. Alternate phosphate mixtures of the same pH but with 0 and 760 mm. oxygen pressure respectively developed the same E.M.F.
The same held for plasma. Similarly in other in vitro experiments we found that the addition of cyanide to either phosphate mixtures or plasmas had no effect on the behavior of the electrode. Neither can the discrepancy of results be related to changes in the velocity flow of blood past the electrode for that factor proved to be of negligible importance.
A large reduction in a rapid flow had no significant effect on the E.M.F. developed. A reduction from a relatively slow flow of plasma of 6.5 to 3.0 cc. per minute in the in vitro experiment was accompanied by an apparent increase of acidity of only 0.01 pH, and only when the flow was completely stopped was there a distinct change in E.M.F. in the acid direction amounting to approximately 0.03 or 0.04 pH.
Possibly the delayed response and alkaline values yielded by the manganese dioxide electrode following massive doses of cyanide was due to the formation of metabolites, which on reaching the electrode exerted a specific effect. Lactic acid suggested itself but the injection of sodium lactate did not produce the effects of massive injections of cyanide. The possibility of the liberation of more highly reducing substances might well be considered. Obviously cyanide experiments should be checked with other methods of pH determination.
Unfortunately the quinhydrone electrode is also an' oxidation-reduction electrode. Though Cullen and Biilman demonstrated that it is possible to determine the initial potential due to the pH in serum our experiments on hemorrhage suggest that it will be a sound precaution to use the hydrogen electrode as the final check in experimental work in which reducing substances may vary as a result of disturbed metabolism.
We hope to avoid misinterpretation of extraneous potential changes by observing this precaution and perhaps evaluate the significance of oxidation-reduction phenomena in respiratory control.
SUMMARY AND CONCLUSIONS
The need of a continuous method of recording rapid changes in acidity of the circulating blood and other body fluids for the study of respiratory control and acid-base equilibrium has led to the use of the manganese dioxide electrode.
By means of an electrode cannula the electrode is placed directly in the blood stream of a heparinized dog and connected in the usual way with a type K Leeds and Northrup potentiometer.
The galvanometer is maintained in balance and the changes in E.M.F. mechanically recorded on smoked paper by writing points connected with thread to the fine adjustment of the potentiometer.
Reproducibility of behavior of individual electrodes in dissimilar flui& and blood plasmas from different animals was not attained but a high degree of reproducibility of behavior to changes in acidity in the same sample was the rule. Four electrodes placed in the stream of alternating fluids of different pH values gave mutually superimposable curves.
By establishing the position of the curves with standard methods the manganese dioxide electrode would, therefore, seem to meet the requirements for many biological problems. A comparison of records of acidity changes in the circulating blood with curves established by the discontinuous method of pH determination on individual blood samples offered direct proof of the value of the method in animal experiments.
On the administration of carbon dioxide, low oxygen, sodium carbonate, ammonium chloride, lactic acid, small amounts of sodium cyanide, in mechanical asphyxia, and in hemorrhage and injection there was close agreement in the behavior of the manganese dioxide electrode and the hydrogen and quinhydrone electrodes. The only gross exception so far discovered was the discrepancy in results with massive injection of sodium cyanide. It was suggested that this discrepancy was due to the increased liberation of reducing metabolites. Precaution stressed.
against the effects of these reducing substances BIBLIOGI?,APHY
